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Introduction
The recognition of concurrent changes in oceanographic, climatic, and biotic systems several million years before the Cretaceous/Tertiary (K/T) boundary event has led to increased interest in interpreting the Maastrichtian record. This ''mid-Maastrichtian event'' (MME) encompasses the global extinctions of inoceramid and rudistid bivalves [Johnson and Kauffman, 1996; Chauris et al., 1998 ], latitudinal migrations of some calcareous nannoplankton and planktic foraminifera [Huber, 1992; Huber and Watkins, 1992] , an increase in the rate of global climate cooling [Barrera, 1994; Frank and Arthur, 1999] , a decrease in the global range of benthic foraminiferal δ 13 C values, from approximately 3‰ to less than 1‰ [Frank and Arthur, 1999] , and an increase in the rate of change of seawater 87 Sr/ 86 Sr isotope ratios [Nelson et al., 1991; Barrera, 1994] . Although there is general agreement that a change in thermohaline circulation patterns played a fundamental role in the MME, the driving mechanism, timing, character, and consequences of the circulation change remain under debate . {3} Issues that have complicated understanding of the MME include poor preservation of Maastrichtian carbonate deposited at abyssal paleodepths, sparse sample coverage in the Pacific Ocean, and considerable variability in benthic stable isotope records from different deep-sea sites, reflecting intersite diagenetic variability, differences in the properties of intermediate water masses, or difficulties in correlation between widely separated sites Frank and Arthur, 1999] . As a result of these difficulties, two broad, somewhat overlapping, scenarios have arisen regarding the nature of circulation changes associated with the MME, one involving a shift from low-latitude to high-latitude sites of deep water production [MacLeod and and the other a transition from North Pacific deep water production to a system dominated by deep-water production in the {4} Further understanding of circulation changes associated with the MME requires examination of records from diverse deep-sea sites, to elucidate the nature of the transition and how it differs regionally. Given the large aerial extent and, hence, importance of the Pacific Ocean in thermohaline circulation during the Cretaceous, documenting the MME in this basin is critical to understanding this interval of global change. In the present study, multiple proxy records from Ocean Drilling Program (ODP) Sites 1209, 1210, and 1212 on Shatsky Rise (Figure 1 ) are used to examine the Maastrichtian record of the tropical Pacific. Carbon and oxygen isotope records derived from benthic and planktic foraminiferal calcite are paired with neodymium isotope analyses of fossil fish debris to evaluate changes in the vertical structure of the water column and the sources of water masses that bathed the sites. 1 Micropaleontological assemblage and isotopic data provide insight into changes in surface water productivity. Comparison with records from sites in other ocean basins is achieved using integrated calcareous microfossil biostratigraphy and 87 Sr/ 86 Sr data that are tied into the magnetostratigraphic timescale of Gradstein et al. [1995] . {5} One caveat of this and similar studies arises from the relatively shallow carbonate compensation depth of the latest Cretaceous oceans [Thierstein, 1979; Arthur et al., 1985] and poor preservation of pelagic carbonate at paleodepths exceeding c. 2500 m. Depths less than 2500 m in the modern oceans are affected by intermediate water masses. Thus, although there were likely 
Shatsky Rise

Setting
{6} Shatsky Rise, a medium-sized large igneous province in the west central Pacific (Figure 1) , formed in Late Jurassic to Early Cretaceous (~147-135 Ma) time [Nakanishi et al., 1989] . Paleogeographic reconstructions place the Shatsky Rise in tropical latitudes (~10°N) during the Maastrichtian [Larson et al., 1990] . The stratigraphic distribution of radiolarian chert suggests that Shatsky Rise moved to the northern edge of the equatorial divergence zone by the late Campanian . The Southern High of Shatksy Rise was drilled during three Deep Sea Drilling Project (DSDP) expeditions (Legs 6, 32, and 86), with mid-Maastrichtian sediments recovered at DSDP Sites 47.2 and 305. Although data from these sites have provided valuable insight into Maastrichtian ocean-climate conditions in the tropical Pacific, the records are somewhat incomplete due to drilling disturbance of unlithified sediment and poor recovery due to the presence of chert. During ODP Leg 198, virtually complete Maastrichtian sections were recovered at four sites (1209-1212) drilled along a depth transect on the Southern High of Shatsky Rise (Figure 1 ) [Bralower et al., 2002] . Shipboard benthic foraminiferal assemblage data and backtracked paleodepth curves of Kaiho [1999] suggest that during the Maastrichtian these sites lay at upper abyssal (2000-3000 m) water depths.
Sedimentology and Stratigraphy
{7} Maastrichtian sediments recovered from the Southern High remain unlithified despite more than 220 m of sediment overburden at Sites 1209 and 1210. At all sites, the section consists of exceptionally pure (>96 wt% CaCO 3 ), uniform white to pale orange nannofossil ooze containing minor interbeds and nodules of chert . At Sites 1209 (2387 m water depth) and 1210 (2574 m water depth), Maastrichtian strata include a thin, yet prominent, interval with closely spaced layers containing large shells of Inoceramus, a wide ranging benthic bivalve ( Figure  F24 of Bralower et al. [2002] ). Intact inoceramid valves are distinctly more abundant in the upper part of their shortlived stratigraphic range at Shatsky Rise. No inoceramid debris was found outside this ''inoceramid event '' at Site 1209 279.15-282.18 m below seafloor (mbsf)). In Hole 1210B, additional prisms were found in a single coarse fraction separate at 261.48 mbsf, approximately 1.5 m above the event interval recognized during shipboard analysis (Core 198-1210B-28H-5, 72 cm to 198-1210B-28H-6, 52 cm; 262.92-264.22 mbsf) . Although the inoceramid event is absent from Sites 1211 (2907 m water depth) and 1212 (2681 m water depth), which lie in deeper water, isolated Inoceramus prisms were recov-ered within the same stratigraphic interval. Biostratigraphic data place the inoceramid event within calcareous nannofossil zones CC24-25a (UC18-19) and planktic foraminifer zone KS30, indicating a mid-Maastrichtian age [Gradstein et al., 1995; Burnett, 1999] . This event corresponds to the diachronous global disappearance of Inoceramus at bathyal depths during the mid-Maastrichtian, which has been documented in every ocean basin Chauris et al., 1998; MacLeod et al., 2000] .
Material and Methods
Stable Isotope Analyses
{8} Bulk sediment samples (~10 cm 3 ) from Sites 1209, 1210, and 1212 were disaggregated and washed over a 63 mm sieve using standard techniques. Coarse fraction residues were examined for microfossil content. Carbon and oxygen isotope analyses of size-sorted separates of clean, well-preserved single foraminiferal species and inoceramid debris were carried out at Pennsylvania State University using an automated carbonate device (common acid bath) coupled to a Finnigan-MAT 252 mass spectrometer. Isotopic ratios were corrected for 17 O contribution [Craig, 1957] and are reported in per mil (‰) relative to the Vienna Peedee belemnite (V-PDB) standard. Precision is better than 0.05% for δ 13 C and δ 18 O values and was monitored through multiple analyses of National Bureau of Standards (NBS) 19 and other in-house calcite standards.
Foraminiferal Preservation and Sample Selection
{9} Diagenetic alteration, often subtle, is a major confounding factor in interpreting oxygen isotope data from foraminiferal calcite [e.g., Douglas and Savin, 1973; Schrag et al., 1995; Pearson et al., 2001; Zachos et al., 2002] . Samples selected for isotopic analysis were clean (devoid of adhering/infilling debris) and appeared well preserved under a standard binocular microscope. Selected samples were observed under the scanning electron microscope (SEM). Results of SEM analysis suggest that foraminifera at Sites 1209, 1210, and 1212 are moderately well to well preserved, with little fragmentation and hollow tests ( Figure 2 ). Although there is evidence of recrystallization in the planktic specimens, consistent compositional differences between benthic and planktic taxa and similarities of isotopic trends among sites despite differences in burial depth suggest that much of the original signal has been preserved. {10} Based on isotopic data from previous studies [e.g., Houston and Huber, 1998; Abramovich et al., 2003] , three species of planktic foraminifera, Planoglobulina multicamerata, Globotruncanita stuartiformis, and Rugoglobigerina rugosa, were chosen to allow documentation of changes in productivity and the structure of the upper water column. Carbon isotope data, in particular, indicate that P. multicamerata occupied the deepest (thermocline) habitats, living somewhat deeper than G. stuartiformis, and that R. rugosa occupied the mixed layer. Therefore, the difference in isotopic values between R. rugosa and P. multicamerata was used to determine surface (thermocline-mixed layer) isotopic gradients. Isotopic data from G. stuartiformis provided additional information regarding the structure of the upper water column. Due to the paucity of benthic foraminiferal specimens in many samples, two presumed epifaunal taxa, Gavelinella beccariiformis and Nuttallides truempyi, were analyzed to produce a continuous deep-sea benthic isotopic time series.
Neodymium Isotope Analyses
{11} Fish debris (teeth and bone fragments) was handpicked from the >63 mm size fraction of washed samples, and multiple fragments were used in each Nd isotope analysis. Samples were cleaned using an intensive reductive/oxidative cleaning protocol [Boyle, 1981; Boyle and Keigwin, 1985] , then analyzed as NdO + using a multicollector Micromass Sector 54 at the radiogenic isotope facility at the University of North Carolina-Chapel Hill (UNC). Monitor peak ( 144 Nd 16 O) beams of ~0.5 to 1 volt were achieved by introducing pure oxygen into the source via a leak valve. External analytical precision based upon replicate analysis of the international JNd standard (as NdO + ) [Tanaka et al., 2000] was 0.512109 ± 0.000007 (2 σ; ν = 24). Reported errors reflect within-run precision. Replicate analyses yielded Nd isotope values within error limits. Results are expressed in epsilon notation, ε Nd , which normalizes the 143 In the present study ε Nd (t) values were calculated assuming a 147 Sm/ 144 Nd value of 0.1310, the mean value obtained from 10 Sm isotope analyses of Shatsky Rise sediments.
Biostratigraphy and Assemblage Analyses
{12} For examination of nannofossil assemblages, samples from Hole 1209C were prepared as simple smear-slides [Bown and Young, 1998 ]. The first 300 specimens were logged on random fields of view (FOV), and the number of FOV required to reach this figure was noted. Counting was carried out on FOV of approximately equal density to ensure consistency from sample to sample. Count data are plotted as relative abundances. Calcareous nannofossil biostratigraphy is based on the zonal scheme of Sissingh [1977] as modified by Perch-Nielsen [1985] and Burnett [1999] .
{13} Planktic foraminiferal assemblages from Holes 1209A and 1209C were based on counts of at least 300 specimens randomly picked from a split of the >125 μm size fraction. Count data are plotted as relative abundances. Additional material was examined to document the first and last occurrence datums (FOs and LOs) of marker taxa. Planktic foraminiferal biostratigraphy is based on the zonal scheme of Caron [1985] and Sliter [1989] with modifications by Premoli Silva and Sliter [1994] . Benthic foraminifera are generally rare in the Maastrichtian ooze of Holes 1209A and 1209C. In most cases the entire >125 μm size fraction was examined and picked completely for benthic specimens, yielding variable population sizes ranging from 24 to 223 specimens.
Age Model
{14} The present study applies the Cretaceous timescale of Gradstein et al. [1995] and relies on biostratigraphic data. The anchor points used to generate the age model for Sites 1209, 1210, and 1212 are the K/T boundary (65.0 Ma) and the last occurrence of the calcareous nannofossil Tranolithus orionatus and the first occurrence of the planktic foraminifer Contusotruncana contusa at ~69.6 Ma . Sample ages were calculated assuming a constant rate of sedimentation throughout the examined interval. Calculated sedimentation rates are 11.0 m/my at Site 1209, 11.3m/my at Site 1210, and 9.6m/My at Site 1212. Intersite comparison of the interpolated ages of biostratigraphic datums not used as anchor points (Table 1) indicates that this Maastrichtian age model achieves an intersite resolution of <0.5 m.y. for the Southern High of Shatsky Rise. Comparison with records from sites in other ocean basins was accomplished using the correlation scheme applied by Frank and Arthur [1999] , in which isotopic, biostratigraphic, and magnetostratigraphic data were tied into the Gradstein et al. [1994] timescale. Note that there is no difference in the Maastrichtian portions of the 1994 and 1995 timescales of Gradstein and others.
Results
Carbon Isotopes
{15} Among the planktic foraminifera examined, the shallow mixed-layer dweller R. rugosa is most enriched in 13 C, followed by G. stuartiformis, and P. multicamerata (Figure 3) . At all three sites, the maximum surface water gradient (δ 13 C Rugoglobigerina rugosa -δ 13 C Planoglobulina multicamerata ) of approximately 1% is observed during the ~1 m.y. leading up to the FO Inoceramus at Sites 1209 (69.2 Ma) and 1210 (68.9 Ma). The remaining portions of the record are characterized by a surface gradient ≤ 0.5‰. At Sites 1209 and 1210, simultaneous decreases in δ 13 C Rugoglobigerina rugosa and in-creases in δ 13 C Planoglobulina multicamerata between approximately 69.2 and 68.5 Ma caused the surface water δ 13 C gradient to approach zero during the periods immediately preceding, during, and directly following the inoceramid occurrence at these sites. {16} Through much of the Maastrichtian, benthic δ 13 C values become gradually higher, increasing by 0.5‰ at Site 1212 and 1.0‰ at Sites 1209 and 1210 (Figure 3) . At Site 1209, δ 13 C G. beccariiformis decreases by ~1.5‰ between 66.5 and 66 Ma. During the mid-Maastrichtian, the rate of change in benthic δ 13 C values increases temporarily (~69.5-69 Ma at Sites 1209 and 1210; ~70.5-69 Ma at Site 1212). The result is a gradual decrease in the intermediate to surface water δ 13 C gradient. -10) [Jones et al., 1994; Pettke et al., 2002] , indicating that diagenetic uptake of Nd was not a factor.
Oxygen Isotopes
Microfossil Assemblages
{20} Samples examined from Hole 1209C yielded abundant, diverse and moderately preserved calcareous nanno- fossil assemblages. Preservation does not change significantly through the counted interval, but a moderate degree of overgrowth is ubiquitous. The nannofloras are dominated by the genera Watznaueria and Prediscosphaera, which usually account for 30-60% of the assemblages (Figure 4) ; other significant assemblage components (>5%) include Retecapsa spp., Micula spp., Ceratolithoides spp., Cribrosphaerella spp., Cylindralithus spp., and Tetrapodorhabdus spp.
Most taxon groups show variability on scales ranging from ~20 to 250 ky ( Figure 4 ). {21} Planktic foraminifera are also moderately abundant to abundant, and moderately well preserved to well preserved with hollow tests and little fragmentation. Benthic foraminifera are rare and constitute <1% of the foraminiferal assemblages. Planktic assemblages are dominated by biserial taxa (Heterohelix, Pseudoguembelina, Laeviheterohe- lix) with an average value of nearly 50%, whereas multiserial taxa (Racemiguembelina, Planoglobulina, Gublerina) constitute an average of 0.5% of the assemblages. The relative abundance of biserial taxa varies between ~30% and 80%, but there are distinct peaks in abundance during the inoceramid interval at Site 1209 and in the post-67 Ma record. The keeled globotruncanids (Globotruncana, Globotruncanita, Rosita, Abathomphalus) constitute an average of 24% of the assemblages whereas the nonkeeled taxa (Rugoglobigerina, Archeoglobigerina, Hedbergella) average 21.5%. The globotruncanids are most abundant in the interval before 70 Ma and in the 68.8-67.4 Ma interval immediately following in the inoceramid extinction at Shatsky Rise. The planispiral genus Globigerinelloides makes up an average of 5% of the assemblages although they display a two-step decline in relative abundance after 70 Ma and again after 68.2 Ma. {22} Benthic foraminiferal assemblages display a high degree of variability that mimics some of the variability observed in the stable isotope and neodymium data. A peak in the abundance of the infaunal buliminids at ~70 Ma, as well as smaller abundance peaks at ~69.2 and 68.2 Ma are coincident with marked decreases in δ 18 O values of mixed layer-dwelling R. rugosa, suggesting a coupling between changes in the upper water column, such as productivity, and fluctuations in the benthic communities. Benthic foraminiferal assemblages in the interval immediately prior to the inoceramid event at Site 1209 (~69.9-69.2 Ma) are characterized by Oridorsalis and N. truempyi together with Aragonia or Reussella (a similar assemblage occurs prior to 70 Ma). The inoceramid interval (~69.2-68.9 Ma) records the virtual disappearance of all of these taxa and the rapid rise of buliminids, numerous small specimens of Neoeponides/ Conorbina, and agglutinated taxa (mostly Gaudryina pyramidata, Recurvoides (?), and Spiroplectammina). An increase in Oridorsalis at the expense of Neoeponides/Conorbina marks the base of the postinoceramid extinction interval followed by assemblages characterized by G. beccariiformis, N. truempyi, and Reussella, which dominate until ~68 Ma.
Discussion
Conditions in the Upper Water Column
{23} Both nannofossil and planktic foraminiferal assemblage data from Site 1209 suggest low-to intermediateproductivity surface waters during the Maastrichtian (Figure 4) , consistent with the tropical mid-ocean setting of Shatsky Rise. The nannofossils Watznaueria spp. and Prediscosphaera spp., were chosen as fertility indicators on the basis of work by Eshet and Almogi-Labin [1996] , who demonstrated that these taxa belong to nannofossil groups that show affinity for lower (Watznaueria spp.) and higher (Prediscosphaera spp.) productivity conditions. Their Nannofossil Index of Productivity (NIP), the logarithmic ratio between abundances of low and high productivity taxa, is used to infer changes in surface productivity (Figure 4) . The high-frequency variability displayed by the data is typical of nannoplankton counts, and may reflect productivity variations on Milankovitch timescales. Within this natural range of variability there are no significant above-background abundance events based on these two taxa, suggesting that surface productivity levels remained generally uniform throughout the Maastrichtian. The absence of the putative high-productivity taxa of Eshet and Almogi-Labin [1996] at Site 1209, however, make it difficult to draw firm conclusions about short-term variation in productivity conditions based on the NIP alone.
{24} Unlike nannofossil indicators, planktic foraminiferal assemblage data, examined at a coarser scale than for nannoplankton counterparts, show shifts that generally coincide with changes in planktic isotopic records. These excursions suggest that the long-term trend in upper water column conditions, characterized by minimal δ 18 O (temperature) and moderate δ 13 C gradients suggestive of low to intermediate productivity, was overprinted by brief episodes of changing productivity and, possibly, thermal structure. For example at Sites 1209 and 1210, a short-lived 2°-3°C warming event (or lower δ 18 O seawater values), as evidenced by δ 18 O R. rugosa , coincides with a collapse in the surface δ 13 C gradient (δ 13 C R. rugosa -δ 13 C P. multicamerata ), which in turn coincides with the inoceramid event ( Figure 3) . One interpretation for the collapse of the surface δ 13 C gradient is that it records higher productivity due to the upwelling of nutrient-rich ( 12 C-rich) subsurface waters [e.g., Pak and Kennett, 2002] . Changes in planktic foraminiferal assemblages (Figure 4) suggest higher productivity at the time of the inoceramid interval based on the increased relative abundances of heterohelicids (biserial taxa), which are often associated with expansion of oxygen minima [e.g., Leckie et al., 1998; Premoli Silva and Sliter, 1999; , and short-lived decreases in the abundance of globotruncanids (keeled taxa), most of which are typical of stratified, oligotrophic waters [e.g., Abramovich et al., 2003 ]. This interpretation of higher productivity is further supported by the increased abundances of buliminds and small Neoeponides/Conorbina in the benthic assemblages; the former is a group of infaunal taxa that are commonly associated with organic-rich, oxygen-poor conditions at or below the sediment-water interface [e.g., Kaiho, 1994; Jorissen et al., 1995; Bernhard and Sen Gupta, 1999; Jorissen, 1999] , while the latter may be analogous to morphologically similar, opportunistic epifaunal taxa of the Cenozoic that respond rapidly to an increased (seasonal) flux of phytodetritus [e.g., Gooday, 1988; Widmark, 1995; Thomas and Gooday, 1996] . {25} The difficulty of interpreting the collapse of the surface δ 13 C gradient as being due to increased productivity is that it also coincides with decreases in δ 18 O R. rugosa , possibly recording a 2-3°C warming of the near-surface waters, whereas cooling is what is typically expected to occur due to upwelling of subsurface waters [e.g., Pak and Kennett, 2002 ]. An alternative explanation for the apparent disparity between the measured δ 18 O and δ 13 C values in R. rugosa is that this mixed layer taxon contained photosymbionts [Abramovich et al., 2003] , which were expelled as a consequence of the warmer sea surface temperatures, analogous to coral bleaching today. Abramovich et al. [2003] suggested that photosymbiotic activity in a number of different Maastrichtian planktic foraminiferal taxa varied from place to place and may not have existed under certain conditions; in other words, some of these taxa may not contain photosymbionts in all locations at all times. Perhaps this is what we observe here as a consequence of a sea surfacewarming event. Evidence from Pacific guyots suggests that contemporaneous sea surface temperatures in the Pacific warm pool were at least as high as those today, if not ~2-5°C higher [Wilson and Opdyke, 1996] , with higher tropical temperatures perhaps responsible for the demise of associated reef communities [Wilson et al., 1998 ]. In any case, regardless of whether R. rugosa was a part-time photosymbiont-bearing taxon or not, both planktic and benthic foraminiferal data suggest that productivity was somewhat elevated during the brief time of inoceramid presence on the upper reaches of Shatsky Rise. {26} Following the inoceramid extinction, the surface δ 13 C gradient quickly recovered. At the same time, heterohelicids sharply declined in relative abundance while the abundance of globotruncanids increased. These trends indicate a trend toward generally lower surface productivity during the middle to late Maastrichtian. Parallel changes in the composition in benthic foraminiferal assemblages suggest that a different intermediate water mass moved in over Shatsky Rise, or that the flux of organic matter from the surface was different, most likely lower, than during the inoceramid event. {27} The stable isotope compositions of benthic foraminifera are used routinely to reconstruct seafloor conditions and thermohaline circulation patterns of the ancient oceans. Such reconstructions rely on the premise that isotopic data from epifaunal benthic foraminifera such as G. beccariiformis and N. truempyi accurately record the ambient environment in the deep sea [Shackleton et al., 1984; Katz et al., 2003] . Whereas δ 18 O values reflect changes in temperature, salinity, and/or ice volume, δ 13 C values reflect the isotopic composition of dissolved inorganic carbon (DIC). {28} In the modern oceans, DIC in individual water masses becomes progressively enriched in isotopically light CO 2 derived from continuous oxidation and remineralization of organic matter as the water mass travels away from its site of formation [Kroopnick, 1985] . This process imparts increasingly negative δ 13 C values on water masses with time and distance as they travel from the site of formation and makes the δ 13 C value of DIC (as recorded in benthic foraminiferal calcite) an effective tracer of thermohaline circulation patterns. This water mass ''aging'' signal, however, must be interpreted with care, as other processes may affect the isotopic composition of DIC. For example, regions of the seafloor affected by higher biological productivity in overlying surface waters receive a higher flux of particulate organic matter to the seafloor. Degradation of this excess material adds 13 C-depleted CO 2 to the water column, decreasing the δ 13 C value of DIC of the underlying water mass and making it appear older. The isotopic composition of DIC may also be affected by global-scale pro-cesses that affect the flux of organic carbon to the oceans. {29} In the present study, neodymium isotope data provide additional constraint on the origin and circulation of intermediate water masses at Shatsky Rise. The ratio of 143 Nd/ 144 Nd in seawater, expressed as ε Nd (the 143 Nd/ 144 Nd value of a geologic sample normalized to the bulk earth [DePaolo and Wasserburg, 1976] ), is an ideal tracer of oceanic water masses because of the short oceanic residence time of Nd (c. 1000 years) [Tachikawa et al., 1999] relative to the oceanic mixing rate of c. 1500 years [Broecker et al., 1960] . The neodymium isotope composition of a given water mass is determined by the general age and composition of the rocks surrounding the source region, giving rise to distinct interbasinal differences in the ε Nd values of water masses [Goldstein and Jacobsen, 1987; Elderfield et al., 1990; Halliday et al., 1992; Sholkovitz, 1993] . {30} Although data from the Cretaceous are presently scarce, long-term Cenozoic records provide insight into the neodymium isotope compositions of water masses emanating from particular source regions. These records indicate that North Atlantic deep waters have remained the least radiogenic (ε Nd ~ <-10) and Pacific waters the most radiogenic (ε Nd ~ -4 to -5) for the past ~60 million years [O'Nions et al., 1998 ]. Indian Ocean deep water and Antarctic Bottom Water (AABW) records indicate that these water masses are characterized by intermediate ε Nd values of ~-8 [Ling et al., 1997] . With an average value of ε Nd -4.5, the composition of modern Pacific Intermediate Water (PIW) reflects the mixing of AABW with radiogenic surface water from the North Pacific (ε Nd 0 to -3) [Piepgras and Jacobsen, 1988] . The radiogenic composition of surface water in the northern Pacific stems from a weathering contribution from circum-Pacific volcanic arc systems [Goldstein and Jacobsen, 1987] . The long-term subduction histories of the Kula and Farallon Plates around the perimeter of the ancient northern Pacific [e.g., Larson and Pitman, 1972] suggest that the ε Nd value of North Pacific surface water has remained unchanged since at least mid-Cretaceous time. The composition of Tethyan seawater has changed significantly over the past ~180 m.y., from ε Nd ~ -10 to -6, due to the effects of changing tectonic configurations and climate on oceanic circulation [Stille et al., 1996] . During the Late Cretaceous, a large influx of Pacific water through the Indian-Tethys seaway is thought to have imparted a more Pacific-like signature, ε Nd ~ -6 to -8, to Tethyan seawater. {31} First-order trends in benthic carbon, oxygen, and neodymium isotopic records from Shatsky Rise are similar ( Figure 5 ). By contrast, shorter-term variations differ in terms of magnitude and frequency at each site, and probably reflect variable seafloor conditions at the time of deposition, differences in sampling resolution, and/or disparity in stratigraphic completeness. Through the early Maastrichtian part of the record, first-order trends show rising δ 18 O and δ 13 C values and decreasing ε Nd values. The carbon and oxygen isotope trends suggest a growing contribution of cooler, better ventilated and/or younger waters to intermediate depths of the tropical Pacific. The ε Nd values (Site 1210), which decrease through this interval from ε Nd -3 to -3.5 to an average of -4.5 (similar to modern PIW) suggest a change in the source region of intermediate water at Shatsky Rise. {32} During the latest Campanian and earliest Maastrichtian, warmer bottom temperatures (lower benthic δ 18 O values) and radiogenic ε Nd values suggest a significant contribution of intermediate water at Shatsky Rise from the North Pacific. Through the early Maastrichtian, however, isotopic trends indicate that these warmer waters were gradually displaced by cooler waters with a less radiogenic neodymium isotope signature. The formation of modern PIW via mixing of a less-radiogenic water mass originating in the Southern Ocean (ε Nd -8) with North Pacific surface water (ε Nd ~ 0) to produce a neodymium isotopic composition of ε Nd -4.5 suggests a similar process may have operated during the Maastrichtian. {33} In the latter half of the Maastrichtian record, benthic isotopic trends exhibit greater intersite and intrasite variability ( Figure 5 ). First-order trends show gradually rising δ 13 C values, decreasing δ 18 O values, and ε Nd values that average -4.4 ± 0.3 at Site 1210 and oscillate between North Pacific-like and PIW-like values at Site 1209. These long-term changes indicate a return to intermediate water production in the North Pacific in the late Maastrichtian, but with the increased variability in benthic isotopic records suggesting that production was more limited and sporadic than in earlier times. The highly variable nature of oxygen and neodymium isotopic records from Sites 1209 and 1210 suggest that cooler intermediate waters derived from the south were only intermittently displaced by warmer waters from the North Pacific, and that shallower regions of Shatsky Rise were most affected. This is also supported by the benthic foraminiferal assemblage data, which show similar high variability. Relatively uniform δ 13 C and δ 18 O values through this interval at Site 1212 suggest that the warmer water mass was of limited vertical extent and did not penetrate to the depth of Site 1212. {34} This interpretation of benthic isotopic data from Shatsky Rise is consistent with previous reconstructions of global thermohaline circulation patterns during the Maastrichtian. These studies suggested that during the early Maastrichtian intermediate waters formed in the North Pacific and moved southward , affecting sites in the Southern Ocean before upwelling against tectonic sills that separated the South Atlantic from the Central and North Atlantic basins [Frank and Arthur, 1999] . The mid-Maastrichtian marked a transition to a thermohaline circulation pattern dominated by deep-water production along the Antarctic margin. The cause of the mid-Maastrichtian circulation change is not well constrained, but has been linked previously to high-latitude cooling and sea level drawdown Barrera et al., 1997] , perhaps related to glacioeustasy , and/or changes in the configuration or sill depths of tectonic gateways [Frank and Arthur, 1999] .
Isotopic Constraints on the Origin of Intermediate Water Masses at Shatsky Rise
Significance of Inoceramid Shell Beds
{35} Inoceramid occurrences comprising a series of prominent shell beds over a short stratigraphic interval have been documented at several sites in the central Pacific: ODP Sites 1209, 1210, and DSDP Hole 48.2 (2619 m water depth) [Heezen et al., 1971] on Shatsky Rise and Hole 465A (2161 m water depth) on the Southern Hess Rise, which lies to the east of Shatsky Rise [Stout et al., 1981] . Biostratigraphic data place all occurrences within the same time interval (~68.9 Ma at Site 465A, ~68.4 Ma at Site 48.2, Ma at Sites 1209 and 1210), which coincides with the MME and global disappearance of inoceramids ~69 Ma. Based on the absence of the inoceramid event at deeper sites on Shatsky Rise, including Site 1212 (2681 m water depth), Site 1211/Site 305 (2907 m water depth), and DSDP Hole 47.2 (2689 m water depth), the event appears to have been restricted to the shallower portions of the rise. Their brief appearance suggests that the bivalves responded to the transient development of favorable conditions in these settings by colonizing the rise and then withdrew, or became extinct, when conditions deteriorated. {36} Benthic foraminifera provide insights into the nature of changing seafloor conditions on Shatsky Rise during the mid-Maastrichtian. Benthic foraminifera are known to respond rapidly to changes in the flux of organic matter and/or changing oxygen availability at or below the sediment-water interface [e.g., Corliss, 1985; Jorissen et al., 1995; Jorissen, 1999; Loubere and Fariduddin, 1999; Leckie and Olson, 2003] ; fluctuating benthic foraminiferal assemblages at Site 1209 clearly demonstrate that Shatsky Rise experienced changing intermediate water masses and/ or productivity in the overlying surface waters. The inoceramid interval, in particular, is marked by changes at the seafloor and in the surface ocean.
{37} Inoceramid bivalves were dominant elements of many benthic communities in the Cretaceous until their extinction ~69 Ma. Growing evidence suggests that this extinction event was diachronous [Chauris et al., 1998 ]. Inoceramid remains are found in a variety of facies ranging from deep to marginal marine, suggesting the bivalves possessed a wide ecological tolerance. A common association with oxygen-restricted facies (e.g., dark, laminated to weakly bioturbated shales), however, suggests that inoceramids favored dysaerobic conditions [e.g., Kauffman, 1981; Kauffman and Sageman, 1988] , warm temperatures, low populations of burrowers, an absence of molluscivores [MacLeod, 1994] , and/or specific conditions that favored chemosynthetic symbionts [MacLeod and Hoppe, 1992] . It should be noted, however, that inoceramids were rare in shallow water Tethyan environments (E. Kauffman and P. Harries, personal communication, 2004) . On the basis of data from the Atlantic, Southern, and Indian oceans, the mid-Maastrichtian south to north diachronous extinction [Chauris et al., 1998 ] of inoceramids has been attributed to increased oxygenation of the seafloor following a fundamental change in thermohaline circulation [MacLeod, 1994; .
{38} Despite slight differences in timing, inoceramid-bearing horizons at both Sites 1209 and 1210 are associated with sharp decreases in benthic δ 18 O values that suggest a 3-4°C warming of seafloor temperatures ( Figure 5) . At Site 1209, ε Nd values drop to a low of -5.3 during the inoceramid interval ( Figure 5 ). Also at Site 1209, a series of high frequency, high amplitude excursions to lower δ 18 O values of R. rugosa suggest either short-lived warmings of ~2°-3°C or decreases in salinity in the shallow subsurface ( Figure 3) . The inoceramid interval is also marked by a collapse in the upper water column δ 13 C gradient between mixed layer R. rugosa and thermocline G. stuartiformis and P. multicamerata. Foraminiferal assemblage data suggest that the collapse of the δ 13 C gradient may be due to increased productivity based on increasing relative abundances of the biserial heterohelicids (Figure 4) . The direction and magnitude of changes in shallow water biotic proxies do not exceed what is observed at other times during the Maastrichtian, suggesting that environmental changes during the inoceramid interval mainly affected environments below the upper water column. However, the rapid warming of surface waters coincident with the beginning of the inoceramid event at Site 1209 raises the possibility of a causal relationship between the warming event and the anomalous appearance of inoceramids on bathymetric highs of the tropical-subtropical North Pacific. The LO Inoceramus is marked by a shift to cooler bottom and shallow subsurface temperatures, as indicated by increases in benthic and planktic δ 18 O values, a return to PIW-like neodymium isotope signatures, and an increase in the upper water column δ 13 C gradient. These changes suggest a return to conditions similar to those that preceded the inoceramid population of Shatsky Rise. {39} Rapid changes in benthic foraminiferal assemblages and benthic isotopic records suggest that the brief colonization of Shatsky Rise by inoceramids can be explained by a one-time, temporary incursion of a third water mass over shallower portions of the rise, which created a unique set of conditions favorable to the bivalves. A brief warming of sea surface temperatures and perhaps increased productivity during the inoceramid event suggest that the incursion of this water mass was also closely coupled with important changes in the upper water column. Assuming that Pacific inoceramid populations preferred the same conditions as their counterparts in other ocean basins, this water mass would be expected to have been warm, as indicated by benthic δ 18 O values at Site 1209 and 1210. Moreover, because concentrations of dissolved gases decrease with increasing water temperature, this warmer water mass would be expected to be poor in oxygen compared to the cooler water mass that it displaced. Elevated relative abundances of buliminids support this interpretation, while the peak abundances of Neoeponides/Conorbina during the inoceramid event may support an interpretation of increased (seasonal) productivity. Although ε Nd values of this water mass (-5.3) do not point toward a definitive source region, one plausible scenario involves the flow of warm, salty waters from regions of the western Tethys (modern Caribbean/Gulf of Mexico) through the Central American Seaway and into the tropical Pacific. Mixing of Tethyan waters possessing a neodymium isotope composition of ε Nd ~ -8 to -6 [Stille et al., 1996] with Pacific surface waters (ε Nd 0 to -3) could produce a water mass with a composition similar to PIW. {41} Data from the present study are at odds with the traditional hypothesis that attributes warm Cretaceous deep waters to sinking of evaporatively concentrated waters in shallow, low-latitude seas [e.g., Chamberlain, 1906; Brass et al., 1982] . More recent simulations of circulation during past warm climate intervals (i.e., Cretaceous, early Cenozoic) suggest that despite differences in tectonic and climatic boundary conditions, deep-water formation involved sinking of high-latitude surface water [e.g., Schmidt and Mysak, 1996; Brady et al., 1998; Bice and Marotzke, 2001; Otto-Bliesner et al., 2002] . Specifically, such simulations predict large overturning cells in both the Northern and Southern hemispheres, with the Southern Hemisphere cell, driven by sinking along the Antarctic margin, tending to dominate. Low-latitude evaporation may have played a role in intermediate water production by ''preconditioning'' surface waters, once carried poleward by surface gyre currents, for sinking during the winter months [D'Hondt and . {42} During the early Maastrichtian at Shatsky Rise, the gradual transition from a larger North Pacific to increasingly dominant Southern Ocean component of intermediate-deep water, as indicated by isotopic records, coincides with evidence for global cooling and falling sea level, possibly related to limited ice buildup in Antarctica . Resulting changes in evaporation-precipitation patterns may have caused freshening of the North Pacific due to increased precipitation and continental runoff and, at the same time, increased surface salinities in the southern high latitudes. Episodic contributions from the North Pacific during the late Maastrichtian suggest more rapid fluctuations in precipitation-evaporation patterns (and sites of intermediate water production) during a time of falling sea level and global cooling in the lead up to the early Cenozoic. This circulation pattern, in which intermediate-water production occurred mainly in the Southern Ocean during relatively cool climate intervals and in the North Pacific during intervals of relative warmth, appears to have continued well into the Cenozoic [Thomas, 2004] . {43} In the context of the ocean-climate simulations discussed above, the postulated Western Tethyan influence during the time of inoceramid occupation at Shatsky Rise is difficult to reconcile. However, the potential for the development of a Mediterranean Intermediate Water-like water mass increases in the context of recent evidence for higher tropical temperatures than at present during the Late Cretaceous [e.g., Pearson et al., 2001] , a gradually shrinking Tethys as a consequence of plate tectonic movement, and, possibly, flooding of the shallow Tethyan basin during a period of relatively high sea level between postulated regressions at ~71-69.5 Ma and ~68-67.5 Ma Miller et al., 2003] . Such conditions could have combined to produce a shallow, low-latitude seaway in a region prone to production of dense, saline waters via evaporation. {44} Although the present study does not allow identification of the specific trigger responsible for widespread ecological and oceanographic changes ~69 Ma, results implicate changes in the source regions and circulation patterns of intermediate water masses as an underlying cause. Understanding the causes and consequences of mid-Maastrichtian changes will require identification of source regions and extents, both vertical and lateral, of intermediate water masses during this period of dynamic biotic and oceanographic change. The present study illustrates the potential of integrating benthic stable and neodymium isotope records in realizing this goal. Multispecies planktic and benthic foraminiferal isotopic analyses coupled with calcareous plankton and benthic foraminiferal assemblage analyses clearly demonstrate that changes in both surface and intermediate waters were responsible for the brief inoceramid interval observed at Shatsky Rise and other elevated areas of the tropical Pacific. These findings provide new insights into the causes for the extinction of inoceramid bivalves ~69 Ma. Further research will involve high resolution study of the mid-Maastrichtian interval preserved in deep sea cores, particularly along depth transects such as that available on Shatsky Rise, as well as the generation of additional regional geochemical and paleontological records from the Maastrichtian interval as a whole.
Conclusions
